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Summary

The ataxias are a complex group of diseases with both
environmental and genetic causes. Among the autoso-
mal dominant forms of ataxia the genes for two, spino-
cerebellar ataxia type 1 (SCA1) and Machado-Joseph
disease (MJD), have been isolated. In both of these disor-
ders the molecular basis of disease is the expansion of
an unstable CAG trinucleotide repeat. To assess the fre-
quency of the SCA1 and MJD trinucleotide repeat
expansions among individuals diagnosed with ataxia we
have collected DNA from individuals representing 311
families with adult-onset ataxia of unknown etiology
and screened these samples for trinucleotide repeat
expansions within the SCA1 and MJD genes. Within this
group there are 149 families with dominantly inherited
ataxia. Of these, 3% had SCA1 trinucleotide repeat
expansions, whereas 21% were positive for the MJD
trinucleotide expansion. Thus, together SCAt and MJD
represent 24% of the autosomal dominant ataxias in
our group, and the frequency of MJD is substantially
greater than that of SCAt. For the 57 patients with
MJD trinucleotide repeat expansions, a strong inverse
correlation between CAG repeat size and age at onset
was observed (r = -.838). Among the MJD patients,
the normal and affected ranges of CAG repeat size are
14-40 and 68-82 repeats, respectively. For SCAt the
normal and affected ranges are much closer, containing
19-38 and 40-81 CAG repeats, respectively.

Introduction

The ataxias are a complex group of debilitating and
usually fatal neurodegenerative diseases that lead to
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generalized incoordination particularly affecting gait,
speech, and swallowing. These diseases are character-
ized by progressive degeneration that affects the cerebel-
lum, brain stem, and spinocerebellar tracts, to varying
degrees (Greenfield 1954; Harding 1982; Zoghbi 1991).
Patients with adult-onset ataxia can be classified into
three broad groups that have dominant or recessive in-
heritance patterns or individuals who have no family
history of the disease. A clinical classification system for
the ataxias has proved difficult and unreliable because
of the clinical variability found both between and within
kindreds (Schut 1950; Barbeau et al. 1984; Zoghbi et
al. 1988; Orozco Diaz et al. 1990). In recent years, how-
ever, much progress has been made toward the develop-
ment of a genetic classification system for the ataxias.
Six different genes that cause dominantly inherited
spinocerebellar ataxia have been genetically mapped
(Yakura et al. 1974; Jackson et al. 1978; Gispert et al.
1993; Takiyama et al. 1993; Gardner et al. 1994; Ra-
num et al. 1994, Benomar et al. 1995, Gouw et al. 1995)
as have two different genes that cause episodic ataxia
(Browne et al. 1994; Kramer et al. 1994). The demon-
stration that many different genes can cause ataxia may
help to explain some of the interfamilial clinical varia-
tion noted for the ataxias. The molecular basis for the
dramatic variations in age at onset and disease severity
that can occur within spinocerebellar ataxia type 1
(SCA1) kindreds was shown to be caused by the expan-
sion of an unstable CAG trinucleotide repeat within a
novel gene, ataxin-1 (Orr et al. 1993). Similarly, it was
recently demonstrated that the expansion of an unstable
CAG repeat in another novel gene is also the mutational
mechanism responsible for Machado-Joseph disease
(MJD) (Kawaguchi et al. 1994). For both SCA1 and
MJD, affected persons with the longest repeat expan-
sions have earlier ages of onset (Orr et al. 1993; Kawa-
guchi et al. 1994). For SCA1, the most rapidly progres-
sive forms of the disease are found for patients with the
longest CAG repeats (Jodice et al. 1994; Ranum et al.
1994).
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Although the clinical and genetic heterogeneity of the
ataxias present tremendous challenges to understanding
this group of diseases, this same diversity also makes
the ataxias a critically important group of diseases to

study. The eventual isolation and characterization of the
different genes that cause ataxia will lead to a better
understanding of how various molecular defects lead to

differing degrees of neuronal loss in the cerebellum,
brain stem, and spinal tracts. To understand more about
the ataxias as a group, we have collected DNA samples
and clinical data from affected individuals representing
311 families, including 149 kindreds with dominantly
inherited ataxia. We have screened these individuals for
the SCA1 and MJD gene expansions, to estimate the
frequency of these forms of ataxia.

Subjects and Methods

Families Collected
We identified and obtained informed consent and col-

lected blood samples from patients representing 311
ataxia kindreds. Study subjects were recruited by collect-
ing blood samples from affected patients seen by C.G.,
L.J.S., S.P., J.A., or T.D.B. or through an announcement
in the quarterly publication of the National Ataxia
Foundation, Generations. Study participants were re-

cruited on the basis of a diagnosis of adult-onset ataxia
of unknown etiology, without regard to inheritance pat-
tern, disease severity, gender, or ethnic background. No
attempts were made to classify or select for patients
with specific clinical subtypes of ataxia. Patients with
a clinical diagnosis of juvenile-onset ataxia, including
Friedreich ataxia, were excluded. None of the 311 kin-
dreds sampled were selected with prior knowledge of
linkage information that would indicate a high probabil-
ity of a certain form of ataxia. To further avoid a disease
bias, two kindreds that were previously known to have
SCA1, on the basis of linkage analyses, were excluded
from the initial frequency analyses. All affected individu-
als were diagnosed with ataxia by a clinical neurologist
and had diagnostic evaluations appropriate to their indi-
vidual circumstances. Criteria used to exclude patients
with ataxia of known etiology included, but were not
limited to, evaluation of alcohol consumption, antipur-
kinje cell antibody screening, thyroid function tests, vita-
mins B12 and E levels, lysozomal enzymes, phytanic acid
levels, very-long-chain fatty acid levels, and magnetic-
resonance and computed-tomography imaging. Age at
onset was determined on the basis of historical informa-
tion. For kindreds with a dominant pattern of inheri-
tance, the ethnic background and the ethnic origin of
the disease are indicated if the disease could be traced
to an ancestor who had emigrated from a specific coun-

try (table 1). Although we have no evidence that these
families are related, there is a chance that some of the

Table I

Incidence of SCAI and MJD in Kindreds, by Ethnic Background

Total SCA1 MJD

African American .................. 12 0 9
Caucasian American:
Denmark .................... 1 0 0
British Isles .................... 38 0 2
France .................... 4 1 0
Germany .................... 28 1 11
Italy .................... 5 2 0
Netherlands .................... 4 1 0
Eastern Europe .................. 6 2 0
Portugal .................... 4 0 3
Northwest European ......... 28 0 3
Unknown .................... 16 0 2

Subtotal .................... 134 7 21
Cambodia .................... 1 0 1
Japan .................... 1 0 1
Pakistan .................... 1 0 0
Lebanon ............. ....... 1 0 0
Peru .................... 1 0 0
Unknown ................1.... 0 0

Totala .................... 152 7 32

a Includes 149 newly identified dominant-ataxia kindreds plus two
previously characterized SCA1 families and the MJD-positive patient
with no family history of ataxia.

families are represented more than once by different in-
dividuals. Blood was collected from at least one affected
individual from each of the 311 kindreds represented.
Molecular Studies
Genomic DNA was isolated either from venous blood

or from lymphoblastoid cell lines. PCR reactions were
performed to screen at least one affected individual from
each of these kindreds for the presence of a CAG repeat
size within the expanded range for both SCA1 (-41
repeats) (Ranum et al. 1994; Genis et al. 1995) and
MJD (-68 repeats) (Kawaguchi et al. 1994). For SCA1,
primers Repl and Rep2 were used (Orr et al. 1993),
and for MJD primers MJD25 and MJD52 were used as
described by Kawaguchi et al. (1994).
Statistical Analyses
The relationship between age at onset and CAG repeat

number on both the affected and normal chromosomes
at the MJD locus were evaluated by linear-regression
analyses. The frequencies of the SCA1- and MJD-posi-
tive patients were initially evaluated by excluding the
two kindreds previously known to have SCA1, through
linkage studies, and then by including those families for
comparison.
Results
Inheritance Patterns
We have collected both clinical information and blood

samples from individuals representing 311 different kin-
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Table 2

Ataxia Families Represented

Dominant ............. 149 (48)
Recessive ............. 42 (14)
Sporadic ............. 116 (37)
Unknown ............. 4 (1)

Total .............. 311

dreds. The inheritance patterns for these kindreds are

summarized in table 2. Of the 311 families, 149 (48%)
were classified as "dominant" because the disease was

present in at least two generations and was vertically
transmitted from a parent to a child. Kindreds were

classified as having a "recessive" ataxia if the disease
was present in two or more siblings but there was no

evidence of disease in previous generations. Forty-two
families (14%) had recessive ataxia. If family history
information was available but negative, the patients
were classified with sporadic ataxia. There were 116
cases of sporadic ataxia, representing 37% of the total.
The inheritance pattern for four of the patients, two of
whom were adopted, were classified as unknown be-
cause no family history information was available.

Clinical Features
All of the adult-onset patients showed gait and limb

ataxia and dysarthria. In addition, the following clinical
features were often but not always found: pyramidal
tract signs (spasticity, hyperreflexia, and extensor plan-
tar responses); extrapyramidal signs as manifested by
movement disorder (e.g., dystonia, parkinsonism); mo-

tor weakness and amyotrophy; and ocular motor find-
ings, including one or more of the following-nystag-
mus, slow saccades, and ophthalmoparesis. In many
cases, during the later stages of disease, bulbar findings
become evident, leading to swallowing and choking
problems. In addition, for some kindreds peripheral neu-

ropathy or retinal degeneration was observed.

Frequency of CAG Expansions for SCA I
Among the 149 dominant kindreds examined for the

SCA1 CAG repeat expansion, four families had CAG
repeat sizes that were clearly in the affected range (:41
repeats), and two individuals from families with domi-
nant and recessive forms of ataxia showed repeat sizes
in the intermediate range (36-41 repeats), with 40 and
38 repeats, respectively. DNA from these two individu-
als was sequenced, and additional family members were

tested to determine whether these SCA1 alleles were nor-

mal or affected.
The patient with 40 repeats was shown to have an

uninterrupted repeat configuration consistent with all
of the SCA1 kindreds reported elsewhere (Chung et al.
1993). Subsequently, another affected patient from this
family was tested for the SCA1 mutation and was shown
to have a repeat size within the previously defined af-
fected range (45 repeats), confirming that the original
patient was in fact a member of an SCA1 family. A CAG
repeat expansion of 40 is the smallest that has been
reported for SCA1 to date. These data bring the total
number of SCA1 CAG expansions detected among the
149 dominant kindreds to five families, or 3%. When
the 2 families that were previously shown to have SCA1
by linkage analyses are included, 7 of 151 families, or
5%, are positive for the SCA1 CAG expansion.

Sequence analysis of the patient with the repeat size
of 38 revealed two CAT interruptions. Although this
repeat is longer than we typically observe, it is consistent
with a normal allele because the CAG repeat is inter-
rupted by CAT trinucleotides (Chung et al. 1993). Blood
samples from two additional family members were col-
lected and examined by PCR analysis. An affected
brother, as well as an unaffected sister, from this family
also had the allele containing 38 repeats. Because the
unaffected sister is now 20 years older than the age at
which her brothers developed ataxia, and the repeat is
interrupted, it likely represents a normal SCA1 allele.
While 38 repeats is larger than any of the alleles that
we have found in our controls reported elsewhere (Ra-
num et al. 1994), a normal repeat size of 39 has been
reported by another group (Genis et al. 1995). In sum-
mary, SCA1 gene expansions were found in 3%-5% of
the dominant ataxia kindreds examined and in none of
the patients from the families with recessive (n = 42) or
sporadic (n = 116) forms of ataxia.

Frequency of CAG Repeat Expansions for MJD
In contrast to the SCA1 results, a much higher number

of dominant ataxia families were found to be positive
for the MJD trinucleotide repeat expansion. Among the
149 dominant families tested, 31 (21%) had CAG repeat
expansions in the affected range (-68 repeats). No
expansions were found among the 42 families with
single-generation recessive ataxia (siblings affected),
whereas one CAG repeat expansion was observed
among the 116 patients classified with sporadic ataxia
(table 3). We are currently attempting to obtain blood
samples from additional family members, to investigate
whether this MJD-positive patient (CAG repeat = 73)
truly has a negative family history of the disease and
whether there is nonpaternity.

MJD Repeat Size Versus Age at Onset
Fifty-seven affected individuals from the 32 MJD-pos-

itive families were examined further, to determine the
relationship between the size of the CAG repeat and the
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Table 3

Frequencies of SCA I and MJD

SCA1 MJD

Dominant ........ 5/149 (3) 31/149 (21)
Recessive ......... 0/42 (0) 0/42 (0)
Sporadic ......... 0/116 (0) 1/116 (1)
Unknown ......... 0/4 (0) 0/4 (0)

NoTE.-Numbers in parentheses are percentages.

age at onset. Three of these families have been reported
elsewhere. (Woods and Schaumburg 1972; Aita 1978;
Eto et al. 1990; Ranum et al. 1992). Figure 1 shows the
correlation of the age at onset and the number of CAG
repeats on the MJD chromosomes. The age at onset
information was provided by the patient and/or other
family members. A linear correlation coefficient (r) of
-.838 (P < .0001) was obtained, indicating that 70%
(r2 = .703) of the variation in age at onset can be ac-
counted for by the number of CAG repeat units on the
disease chromosome. No significant correlation was
found between the size of the CAG repeat on the normal
chromosome and the age at onset (r = .013; P = .9241).
The previously reported range of CAG repeat sizes

among normal individuals is 13-36 CAG repeats (Ka-
waguchi et al. 1994). Among the 56 patients that we
examined who were positive for MJD, their normal al-
leles ranged in size from 14 to 40 CAG repeats, ex-
tending the range of normal MJD alleles reported. In
addition, the largest expanded allele we detected con-
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Figure I Relationship between the age at onset and the repeat

length of the expanded allele, in 57 persons affected with MJD. A
linear correlation coefficient (r) of -.838 (P < .0001) was obtained,
indicating that 70% (r2 = .703) of the variation in age at onset can

be accounted for by the size of the CAG repeat length on the disease
chromosome.

tained 82 CAG repeats, or was 3 CAG repeats longer
than the previously reported range (Kawaguchi et al.
1994).

Ethnic Background of SCA I and MJD Families
Table 1 presents the ethnic background and the ethnic

origin of disease for the dominant ataxia families. The
ethnic origin of disease was indicated when the disease
was traced to an ancestor who had emigrated from a
specific country. The seven Caucasian American SCA1
kindreds that we have examined trace the disease to
ancestors who emigrated from five different European
regions. In contrast, for MJD, more than half of the
Caucasian families trace the disease to an ancestor who
emigrated from Germany. In fact, MJD families that
trace their disease origin to Germany represent the
largest ethnic group in our study, comprising 11 of 32,
or 34%, of the MJD-positive families. African Ameri-
cans are the second largest MJD-positive ethnic group
in our study, with 9 of 12 families positive for MJD.

Discussion

To further the genetic classification of the ataxias, we
collected DNA samples from patients representing 311
different ataxia kindreds and screened these patients for
the SCA1 and MJD trinucleotide repeat expansions. The
frequency of MJD trinucleotide repeat expansions
among these samples was substantially higher than for
SCAL. Among the kindreds that showed a dominant
inheritance pattern, 3% were positive for SCA1,
whereas 21% showed MJD gene expansions. No SCA1
or MJD trinucleotide repeat expansions were found
among the 42 families with recessive ataxia. In contrast,
although no SCA1 repeat expansions were observed
among the 116 individuals with sporadic ataxia, one
individual with a negative family history of ataxia had
an expanded MJD CAG repeat. These results suggest
that new mutation events leading to CAG expansions
at the SCA1 and MJD loci are relatively rare. Although
the frequencies of MJD and SCA1 gene expansions are
low among patients who do not have a clearly dominant
inheritance pattern, it is important to test these patients,
because the implications for families of SCA1- and MJD-
positive patients are profound. Two other groups have
previously looked for but did not find SCA1 gene expan-
sions among a total of 28 cases of sporadic ataxia (Gi-
unti et al. 1994; Dubourg et al. 1995).
The frequency of SCA1 gene expansions among the

dominant kindreds that we examined (3%-5%) is dra-
matically lower than that reported among a group of
Italian and British kindreds (Giunti et al. 1994). Giunti
et al. found that 50% (19 of 38) of the dominant ataxia
families that they clinically classified with autosomal
dominant cerebellar ataxia type 1 had the SCA1 tri-
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nucleotide repeat expansion. When all of their autoso-
mal dominant kindreds were included, then 19 of 70,
or 27%, showed SCA1 trinucleotide repeat expansions.
These differences may reflect differing SCA1 frequencies
among the ethnic groups studied and/or potential study
biases. For example, if the eight families that were pre-
viously mapped to the SCA1 region of 6p had been
excluded from the analysis by Giunti et al., then the
frequency of SCA1 would be reduced to 18%, or 11 of
62 dominant families.
While the absolute frequencies of SCA1 and MJD will

be determined by broad population-based studies that
minimize potential biases, we believe that our results
accurately reflect a higher frequency of MJD versus
SCA1 for the following reasons. First, we collected DNA
samples from all volunteers with adult-onset ataxia of
unknown etiology, and, thus, there was no intended
selection for families based on clinical features, inheri-
tance pattern, disease severity, linkage information, or
ethnic background. While volunteer subjects may be
more likely to participate in a research study if they are
a member of a kindred with a dominantly inherited
ataxia and if their ataxia is clinically severe, it is unlikely
that there was a significant bias in favor of MJD versus
SCA1 patients, because both diseases are dominantly
inherited and clinically similar.
We found a highly significant inverse correlation (r

= -.838) between the size of the MJD repeat and the
age at onset, with repeat size accounting for 70% (rd
= .70) of the variation in age at onset. The strong corre-
lation between repeat size and age at onset is similar to
that found for SCA1 (Orr et al. 1993; Jodice et al. 1994;
Ranum et al. 1994; Genis et al. 1995). For both diseases,
however, although there is a strong correlation between
these variables, the size of the repeat cannot be used to
predict the age at onset accurately (Ranum et al. 1994).
For example, among the eight individuals in our group
who have an MJD repeat size of 78, the ages at onset
range from 16 to 35 years.
The previously reported normal size range for MJD

alleles is 13-36 repeats (Kawaguchi et al. 1994). On
the basis of the analysis of normal chromosomes from
individuals affected by MJD, our data extend the unaf-
fected allele size range to 40 CAG repeats. Thus, the
unaffected MJD alleles contain 13-40 CAG repeats,
whereas affected alleles for MJD contain 68-82 repeats.
For SCAI, the unaffected alleles contain 6-39 CAG
repeats, and affected alleles contain 40-81 CAG re-
peats. The gap between unaffected and affected alleles
for MJD is quite large, in comparison with that for
SCAL. This difference may reflect the differences in the
configurations of the CAG repeat tracts for the two dis-
eases. For example, to date, all of the affected SCA1
alleles reported contain uninterrupted CAG repeat
tracts, whereas all but the smallest normal alleles (<21

CAG repeats) are interrupted by one, two, or three CAT
trinucleotides. These CAT interruptions are thought to
stabilize the repeat tracts on normal SCAl alleles
(Chung et al. 1993). For MJD, although there are inter-
ruptions near the 5' end of the CAG repeat tract, these
interruptions are not specific to either the normal or the
affected alleles (Kawaguchi et al. 1994). In summary,
for SCA1 there are two important changes that occur
on affected alleles: one is an increase in the size of the
CAG repeat, and a second is the loss of CAT interrup-
tions. For MJD it appears that the size of the CAG repeat
is the only factor that distinguishes an unaffected from
an affected allele (Kawaguchi et al. 1994), which may
account for the larger gap between normal and affected
MJD alleles.

It has been postulated that MJD was distributed
worldwide in the 16th century by Portuguese navigators
and brought by Portuguese immigration to the north-
eastern and western coastal regions of the United States,
locations where others have suggested MJD is com-
monly found (Rosenberg 1995). Although the frequency
of MJD originating from Portugal in the United States
is unknown, our observations of a high prevalence of
MJD among German emigrants appears inconsistent
with the Portuguese as a sole source of MJD in the
United States. Now that the MJD gene has been identi-
fied, linkage disequilibrium studies can be performed to
directly address whether the disease was spread from a
single ancestral mutation by Portuguese sailors or arose
from multiple mutations throughout the world.
The identification of the SCAl and MJD genes will

provide opportunities to study the molecular bases of
these progressive neurologic disorders and should have
broad implications for molecular diagnostic testing. The
SCAl and MJD tests combined now make it possible to
determine the mutational basis of nearly a quarter of
the patients with dominantly inherited ataxia by using
simple blood tests. Test availability for SCAl and MJD
should have a significant impact on patient diagnosis
and care.
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